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Abstract 
The first part of this research project examined the feasibility of developing a 
fracture test that was easy to perform in the field. The standard fracture test 
involves using a three-point beam setup (SEN(B)). The SEN (B) geometry 
is extremely difficult and time consuming to extract from the field and so 
a circular specimen, which could be made from a core, was chosen. The 
exact geometry is called a disk-shaped compact tension (DCT) specimen 
and is easily prepared from a field core. Several series of tests were run 
with two different geometric variants of the DCT geometry. It was found 
that both variants had similar coefficients of variation within data sets. The 
geometry that is considered more representative of the beam fracture test is 
the one prescribed in ASTM D7313 for asphalt concrete. Several field tests 
were run to examine the sensitivity of the test relative to the location in a 
pavement slab (i.e. top of the pavement, bottom of the pavement, etc). It 
was found that the DCT test could, with statistical confidence, determine 
the difference between locations in a pavement slab. In addition, the fracture 
properties extracted from the DCT test are consistent and repeatable. A 
comparison test between the DCT and SEN (B) geometry was also conducted. 
It was found that several of the fracture properties extracted from the DCT 
test, using a 25 mm nominal maximum aggregate size, are not statistically 
equivalent to the SEN (B) test. 
Concurrently, research was being conducted into functionally-graded, or 
two-lift pavements. Two-lift pavements represent a significant advancement 
in the design of roadways as lower quality aggregates, such as recycled con-
crete aggregates (RCA) and fractionated recycled asphalt pavement (FRAP) 
can be incorporated. Since this is a state-of-the-art technology, there is no 
model currently available that mechanistically quantifies the behavior of two-
lift pavement systems. In order to aid in the development of a fully calibrated 
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mechanistic model, large-scale slabs were cast in two-lifts. These specimens 
were 1.8 meters square and 15 centimeters thick and were loaded monotoni-
cally in a soil bed that consisted of 5 centimeters of gravel underneath 10.2 
centimeters of refractory clay. The results of these t ests show the sensitivity 
of notch geometry in the slab load capacity. In addition, un-notched slabs 
were taken from a field pavement section and tested for load capacity. It was 
found that the beam flexural strength of the slab, when used as an input for 
a finite element model, does not accurately predict the slab loading capacity, 
confirming previous research in this area. 
Finally, a nuclear method was developed to measure the polymer fiber 
content in a concrete pavement in-situ. The macro-fiber content in concrete 
cast in the field is critical to achieving the desired toughness properties and 
performance of the concrete structure. Currently, there exists no standard 
method to determine the polymer fiber content of hardened concrete. A nu-
clear density/ moisture gauge was used on hardened concrete pavements with 
and without polymer fibers. Polymeric fibers are composed primarily of car-
bon and hydrogen. Since these elements are substantial neutron thermalizers, 
the neutron count detector on the nuclear gauge is sensitive to changes in the 
fiber content. The effects of hydrogen and carbon present in the unreinforced 
concrete itself were subtracted out by taking readings on specimens without 
fibers. Polymer fiber volume had a clear and statistically significant effect on 
the neutron readings. This effect was found to be linear and the polymer fiber 
volume of hardened concrete could be quickly and accurately be determined. 
The proposed non-destructive and in-situ test procedure can provide useful 
information for engineers conducting forensic failures and provide a method 
of quality assurance for determining the as-built polymeric fiber content of 
fiber reinforced concrete structures. 
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Chapter 1
Disk-Shaped Compact Tension
Test
1.1 Introduction
The idea of using fracture mechanics to understand concrete failure behavior
started over 40 years ago [1–6]. Prior to this, strength (i.e. compressive,
split tensile, flexural) was used to describe failure properties in concrete.
However, simply using the material strength could over or under predict
the failure envelope of the structure depending on its size and did not ac-
commodate the post-peak behavior of the material. Linear elastic fracture
mechanics (LEFM) was initially used to describe the failure of concrete struc-
tures. However, it was found that linear elastic fracture mechanics (LEFM)
were not adequate in describing the complete fracture behavior of concrete
especially near the peak load and the post peak behavior [7]. Research has
shown that concrete does not behave in a perfectly elastic fashion shortly
before failure due to the development of a fracture process zone in front of
the crack [6, 8, 9]. This process zone is a result of the stress near the crack
tip greatly exceeding the applied farfield stress due to concentrations caused
by the crack tip geometry and material inhomogeneity.
To overcome the obstacle of stress concentrations, several non-linear meth-
ods have been developed to account for stress around a crack tip. The J-
integral [10] and the stress intensity factor are two common theories to de-
scribe the crack-tip stress field. The J-integral is less commonly used because
of the diﬃculty in tracking the crack tip location during the test [10,11]. This
deficiency can be overcome by using a large number of specimens with dif-
ferent initial notch lengths [12]. For the field application of fracture testing,
this is a severe limitation. However, the stress intensity factor for concrete
can be measured using a single geometry and the crack tip location does
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not need to be measured [13]. The crack tip location is calculated assuming
an eﬀective crack length based on LEFM theory and the specimen geome-
try. The critical stress intensity factor, KIC , describes the point at which a
crack will be propagate [13, 14]. This is a material property and is theoret-
ically independent of the specimen geometry used to characterize it [6, 13].
In conjunction with the KIC , the non-linearity near the peak load can be
described in a separate parameter, the critical crack tip opening displace-
ment, CTODc, as this property describes the crack extension after it has
initiated [13]. These two parameters have successfully been used in a model
known as the Two-Parameter Fracture Model [13]. The total fracture energy
of the concrete, GF , is also important as it indicates the amount of energy
required to continue an initiated crack [5, 15].
One of the first specimen geometries utilized for concrete fracture testing
was the three-point or single edged notched beam [16]. Beams are simple
to cast in a laboratory setting and preparation only involves notch cutting.
Extensive testing has been done with single-edge notched beams (SEN(B))
[17–19]. It is known that concrete exhibits a specimen size eﬀect which
has been clearly shown with this test [17, 20]. One study examined the size
eﬀect by constructing extremely large (3m by 3m) compact tension specimens
and comparing the data to the SEN(B) geometry outlined in the RILEM
specification [21,22]. As expected, the results of this study indicate that the
KIC value is a material property and not a geometry-dependent property
under the condition that the specimen size is extremely large relative to the
fracture process zone. However, for a practical test involving field extractable
specimens, a much smaller geometry is needed and thus the KIC alone will
not be completely independent of geometric eﬀects.
While larger SEN(B) specimens are manageable in the lab, attempting
to extract beams from the field is extremely diﬃcult, time consuming, and
costly. However, cores can be taken quickly and easily from a pavement or
structure. Based on previous work done on asphalt concretes [23], a geometry
was chosen that was simple to fabricate and would produce consistent and
accurate results. This disc-shaped compact tension geometry has been used
extensively with asphalt concrete pavements with consistent and quantitative
results that allow for a direct comparison between diﬀerent mixtures [24–26].
The geometry is also specified in ASTM D7313.
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However, the DCT and SEN(B) geometries suﬀer primarily from a size
eﬀect due to the aggregate size relative to the specimen geometry and stress
gradient. The SEN(B) specimen, with a depth of 150mm, generally has an
uncracked fracture ligament depth of 100mm. Research has shown that in
order to completely eliminate the size eﬀect from a test specimen and use
LEFM, the fracture ligament needs to be eight times the nominal maximum
aggregate size (NMAS) [27,28]. This would mean that the SEN(B) specimen
would need a fracture length of at least 200mm for a 25mm NMAS. The
advantage of using such a large specimen is that the fracture results should
theoretically match a full-size concrete structure. However, if specimen size
independent properties are to be extracted using non-linear elastic fracture
mechanics (NLEFM), it is possible to use a fracture ligament that is only
three times the NMAS [27, 29] with a recommended fracture ligament that
is four times the NMAS [30]. The SEN(B) geometry has a fracture ligament
that is at least four times the NMAS up to 25mm. However, the DCT
geometry only has a fracture ligament of roughly three times the NMAS for
25mm.
The research of this section will focus on the accurate and quantitative
measurement of the fracture properties of concrete specimens. The goals of
this project are:
• Examine the feasibility of using the DCT geometry to measure and ex-
tract the critical stress intensity factor (KIC), critical crack tip opening
displacement (CTODc), and total fracture energy (GF ) of a concrete
structure. The Two-Parameter Fracture Model (TPFM) developed by
Jenq and Shah was used for characterizing KIC and CTODc for the
DCT specimen geometry. The between specimen repeatability will be
examined. [13].
• Examine two diﬀerent DCT geometries to determine the one that pro-
vides the most consistent results.
• Extract field cores and prepare DCT specimens to determine the frac-
ture properties of an concrete pavement section that has been subjected
to accelerated loading.
• Compare the DCT test method to the SEN(B) test method for an
identical concrete mix.
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1.2 General Testing Procedure
1.2.1 Specimen Preparation
Both geometry variations were prepared in the manner described below.
Specimens for each test set were cut at the same time and stored in the
same environmental conditions.
The DCT specimens were collected from cast cylinders for the ASTM ge-
ometry (152 mm diameter) and cores for the Tada geometry (145 mm diam-
eter) taken from the cast slabs. The ASTM specimens were tested approx-
imately 220 days after casting. The Tada specimens were cored nearly 180
days after casting and tested approximately 230 days after the initial casting.
Coring of each specimen was consistent but did not follow ASTM C42. It
is known that moisture gradients can aﬀect concrete core specimens [31,32],
however, all of the specimens in the same test set were kept at the same
moisture condition throughout testing. Thus, a quantitative comparison can
still be made between the specimens of the same test set.
The cylinders and cores were cut to match the two geometries shown (Fig-
ure 1.1 and Table 1.1). Wet saws and core drills were used for all cuts.
Individual ”pucks” were cut out of the cast and cored specimens perpendic-
ular to the tall dimension. Then a chord section was cut oﬀ of the puck
to form a mounting point for the crack mouth opening displacement gauge
(CMOD). Next, the load point holes were cored into the specimen using a
25 mm diameter core bit. The cuts and cores were done in an order that
ensured the notch was cut last. This was done in order to reduce the damage
present at the initial crack tip. The notch was cut using a tile saw with a
blade thickness of 3 mm.
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Figure 1.1: General DCT geometry.
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Table 1.1: Tested DCT geometries (all units in mm).
Dimension Tada [33] ASTM D7313
D 145.0 152.0
W 107.0 110.0
C 27.0 35.0
d 29.0 25.0
a 51.0 27.5
r 12.5 12.5
Ba 51.0 51.0
nb 1.3 1.3
hc 3.0 3.0
a Specimen thickness.
b Notch thickness (i.e. blade thickness).
c Knife edge thickness.
1.2.2 Specimen Testing
In order to calculate the total fracture energy of the specimen, the entire
load-CMOD curve needs to be captured. This would be a simple, monotonic
test. However, to calculate the CTODc and KIC , the loading and unloading
compliances, Ci and Cu respectively, are needed (Figure 1.2). The loading
compliance is easily calculated from the slope of the initial loading of the
specimen. However, to calculate the unloading compliance, the specimen
must be unloaded shortly after the peak load. By recording the unloading
behavior and calculating the slope, the unloading compliance can be calcu-
lated, and thus the CTODc and KIC can be calculated as well.
6
Figure 1.2: Example loading and unloading of specimen.
The strain gauge was attached to the specimen using knife edges at the
crack mouth (Figure 1.3). A seating load of 0.2 kN was applied to each
specimen before loading. The test was run at a constant crack-mouth opening
displacement (CMOD) rate of 0.001 mm/sec or 0.01 mm/sec depending on the
portion of the test. The tail-end of the test had the faster load rate to
accelerate the testing. Once the peak load was reached, the specimen was
unloaded at approximately 0.25kN/sec. The specimen was then reloaded at
the original rate. Once a CMOD of 1 mm was reached, the loading rate was
increased to 0.1 mm/sec in order to expedite the test. The test was run until
a load of 0.2 kN or a CMOD of 5 mm was reached.
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Figure 1.3: Concrete DCT specimen setup (Tada geometry).
1.3 Tada Geometry
1.3.1 Mix Design
The mix designs for all of the specimens is presented below (Table 1.2). The
LCA designation indicates that virgin limestone aggregate comprised the
coarse aggregate fraction. The RCA designation indicates that a recycled
concrete aggregate, from a demolished runway at Chicago O’Hare Airport,
comprised the coarse aggregate fraction. Both types of coarse aggregate had
a 1-inch NMAS. The complete characterization of the RCA, including chem-
ical make-up and gradation, is presented in Appendix A. The two concrete
mixtures had diﬀerent compressive strengths yet similar tensile strengths
(Table 1.3).
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Table 1.2: Mix designs for DCT specimens.
Tada LCA Tada RCA
Material [kg/m3]
Portland Cement 246 246
Class C Fly Ash 61 61
Limestone CA-7 1019 0
RCA CA-7 0 1019
Limestone CA-16 0 0
Natural Sand 774 774
Water 129 129
Table 1.3: Hardened concrete properties of DCT specimens.
ASTM C39 ASTM C496 ASTM C469
Mix Compressive [MPa] Indirect Tensile [MPa] Elastic Modulus [GPa]
Tada LCA 50.2a 3.3a 35.5b
Tada RCA 39.2a 3.2a 29.6b
a Measured from cores.
b Measured via ultrasonic pulse velocity.
1.3.2 Testing Results
The results of the Tada geometry tests are presented below (Table 1.4). The
peak load, Pc, was found from the test data. However, the peak load does
not provide any quantitative properties in terms of fracture but can be a
qualitative indicator of the indirect tensile strength. Based on the results
of Table 1.4, the LCA mix is more resistant in tension relative to the RCA
mix. This corroborates the indirect tensile results seen in Table 1.3 which
show that the RCA mix has a slightly lower indirect tensile strength than
the LCA mix. The tests were never run to a zero-load condition to prevent
the machine from losing closed loop control due to the complete fracture of
the material. A simple algorithm was developed to extrapolate the curve to
a zero-load in order to calculate the total fracture energy, GF . The algorithm
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iteratively analyzed the last part of the data to use as a starting regression
template. Once a starting point was found that would not result in an
asymptotic solution, a function was fitted to the data (equation 1.1) where
a, b, c, d, and e are regression coeﬃcients and ε is the CMOD. The area under
the load-CMOD curve including the extrapolation to nearly zero-load using
equation 1.1 was calculated using a trapezoidal rule (Figures 1.4 and 1.5).
To calculate the total fracture energy, GF , the area under the load-CMOD
curve was divided by the uncracked ligament area (0.0032 m2 for the Tada
geometry).
P =
a
ε4 + bε3 + cε2 + dε+ e
(1.1)
Table 1.4: DCT test results for the RCA and LCA mixes using the Tada geometry.
Pc GF
Specimen [kN] [N/m]
LCA-1 1.39 88.3
LCA-2 1.61 96.6
LCA-3 1.26 96.0
LCA-4 1.47 106.7
RCA-1 1.03 104.6
RCA-2 1.04 96.1
RCA-3 1.06 93.7
RCA-4 0.96 109.2
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Figure 1.4: Plot of measured and extrapolated data for the LCA specimens
using the Tada geometry.
Figure 1.5: Plot of measured and extrapolated data for the RCA specimens
using the Tada geometry.
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The statistical properties of the Tada geometry test runs are presented in
Table 1.5. Surprisingly, the RCA mixes had lower coeﬃcients of variation
(COV) for the peak load values than the LCA mixes. Due to the variability
in the composition of the RCA, it would be expected that the RCA specimens
would have more variable results. Values from literature suggest that a COV
of about 9% is common for peak loads of SEN(B) tests [30]. In addition, the
total fracture energy had a relatively low COV for both the LCA and RCA
mixes. The variation was significantly less than that found in literature for
SEN(B) and for asphalt concrete DCT specimens [23, 30, 34]. The fact that
creep is a non-factor for aged concrete specimens may explain why the COV
is less than the asphalt DCT specimens.
Table 1.5: Statistical analysis of Tada geometry test results for the DCT.
Pc GF
Avg. St. Dev. COV Avg. St. Dev. COV
Specimen [N/m] [N/m] [%] [N/m] [N/m] [%]
Tada-LCA 1.43 0.15 10.2 96.9 7.5 7.8
Tada-RCA 1.02 0.04 4.3 101.1 7.2 7.1
1.3.3 Fracture Parameter Equations (Tada
Geometry)
The initial fracture properties (KIC and CTODc) can be derived for the DCT
based on using the Two-Parameter Fracture Model developed by Jenq and
Shah [13]. Equations to calculate these quantities are needed to relate the
critical crack length at the peak load to the specimen geometry. The Tada
geometry had all but one of the equations available in literature [33]. First,
the initial loading concrete stiﬀness (Ei) can be calculated from equation 1.2.
Ei =
VCMOD (αo)
BCi
(1.2)
The initial compliance, Ci, was taken to be the inverse slope of the initial
load-CMOD curve from the seating load to 50 percent of the peak load. The
CMOD geometric factor, VCMOD (αo), for the DCT geometry [33] is given in
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(1.3). The initial notch depth ratio, αo = ao/W , is corrected for the knife
edge thickness, h, and shown in the general form (1.4).
VCMOD (α) = exp
￿
1.742− 0.495α + 14.71α2 − 22.06α3 + 14.44α4￿ (1.3)
α =
a+ h
W + h
(1.4)
The unloading compliance, Cu, can also be used to calculate the concrete
stiﬀness (Eu) after the peak load has been reached using equation 1.5. The
unloading compliance was experimentally determined as the inverse slope of
the unloading Load-CMOD curve from 80 percent of the peak load to 20
percent of the peak load.
Eu =
VCMOD (αc)
BCu
(1.5)
In order to find the critical crack length ratio, αc, equations 1.2 and 1.5
are set equal. This assumes the compliance change is only related to the
crack extension. The critical crack length (ac) can then be determined based
on the specimen geometry, loading and unloading compliances, and initial
notch length. The KIC at the peak load is then calculated (1.6) using the
appropriate geometric factor for the Tada geometry (1.7). The peak stress
(σ) can be found by using the peak load (P ) in equation 1.8.
KIC = σ
√
WF (αc) (1.6)
F (α) =
(2 + α) (0.76 + 4.8α− 11.58α2 + 11.43α3 − 4.08α4)
(1− α) 32
(1.7)
σ =
P
WB
(1.8)
The last parameter, the critical crack tip opening displacement (CTODc),
can be calculated (1.9) using the appropriate correction factors for Tada
geometry (1.10).
CTODc =
σWVCTOD (αc)
E
(1.9)
VCTOD (α) = 0.009621 exp
￿
35.35α− 58.99α2 + 36.54α3￿− 11.45 (1.10)
Once the two major parameters are known, other parameters can be calcu-
lated. The initial fracture energy, Gf , is found using equation 1.11 and is
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applicable to both geometries.
Gf =
K2IC
E
(1.11)
1.3.4 Fracture Characterization
With all of the necessary parameters measured and input, the fracture prop-
erties could be calculated for the Tada geometry. The properties were cal-
culated from the individual test runs and then averaged (Table 1.6). The
shorter ligament length poses a problem considering that the nominal maxi-
mum aggregate size (NMAS) was 25 mm for all the mixes. The Tada fracture
length is only 56 mm which is little more than twice the NMAS. Assuming
the same general principles from the notched beam test [27,28] apply to the
DCT test, it would seem that high COVs (Table 1.7) for several important
fracture properties (i.e. KIC , CTODc, Gf ) is explained by the relatively
small ligament length.
The eﬀect of specimen size on the material response generally refers to the
characteristic dimension of the test specimen in the same dimension that the
crack plane forms in. However, with the DCT geometry, the thickness of the
specimen (51mm) may have a significant aﬀect on the results. The thickness
is only twice that of the NMAS. If an aggregate of the NMAS was fully in
the crack plane, the aggregate would be the dominant measurement until the
crack front had passed through or around the aggregate.
Table 1.6: Fracture characteristics of concrete specimens and t-test results.
Tada
Property RCA Equal Means? LCA
KIC 0.86 ￿= 1.16
CTODc 0.0067 = 0.0074
Gf 19.3 = 30.2
GF 101.1 = 96.9
ac 61.8 = 61.9
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Table 1.7: Coeﬃcient of variation for each fracture property.
Tada
Property RCA LCA
KIC 11.1% 13.2%
CTODc 21.1% 23.1%
Gf 23.1% 25.4%
GF 7.1% 7.8%
ac 4.9% 5.9%
The average of the total fracture energy for both sets were within 2.1%
of one another. A t-test, at a 95% confidence interval, indicated that the
samples have the same mean and thus are statistically the same (Table 1.6).
Similarly, the critical crack length only diﬀered by 2.5% and a t-test indicated
that the means were the same at a 95% confidence interval. The LCAmix had
a KIC value 32% higher than the RCA mix and the means were statistically
diﬀerent at a 95% confidence interval. The CTODc and Gf were 14% and
46% higher, respectively, for the LCA mix. However, the means for the
CTODc and Gf were not statistically diﬀerent between both sets of data.
This is due to the high COV present for each of the measured properties.
The complete statistics for all of the properties are shown below (Tables 1.8
and 1.9).
Table 1.8: Coeﬃcient of variation data for LCA specimens from the Tada geometry.
KIC CTODc Gf GF ac
Property [MPa ·√m ] [mm] [N/m] [N/m] [mm]
Average 1.16 0.0074 30.2 96.9 61.9
St. Dev. 0.15 0.0017 7.7 7.5 3.6
COV 13.2% 23.1% 25.4% 7.8% 5.9%
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Table 1.9: Coeﬃcient of variation data for RCA specimens from the Tada geometry.
KIC CTODc Gf GF ac
Property [MPa ·√m ] [mm] [N/m] [N/m] [mm]
Average 0.86 0.0067 19.3 100.9 61.8
St. Dev. 0.10 0.0014 4.5 7.2 3.0
COV 11.1% 21.1% 23.1% 7.2% 4.9%
The significant variation in the Gf data is consistent with literature in
which the average COV for Gf is around 18% [30, 34]. Since the Gf is cal-
culated from the KIC , the experimental error in that measurement is signifi-
cantly compounded because the stress intensity factor is squared (Eq. 1.11).
Similarly, the CTODc is calculated from a geometric correction factor (Eq.
1.10) and due to the scale of the values, small diﬀerences in the experimen-
tal data can grow into large diﬀerences during computation of the CTODc
parameter.
1.4 ASTM Geometry
1.4.1 Mix Design
The mix designs for all of the specimens is presented below (Table 1.10).
The LCA designation indicates that virgin limestone aggregate comprised
the coarse aggregate fraction. The RCA designation indicates that a recycled
concrete aggregate, from a demolished runway at Chicago O’Hare Airport,
comprised the coarse aggregate fraction. Both types of coarse aggregate had
a 1-inch NMAS. The concrete mixtures used similar constituent materials
to the DCT tests completed with the Tada geometry except an interme-
diate aggregate size was added and the cement content was increased. As
noted in Table 1.11, the hardened properties for the LCA and RCA mixtures
demonstrated a larger diﬀerence.
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Table 1.10: Mix designs for DCT specimens.
ASTM LCA ASTM RCA
Material [kg/m3]
Portland Cement 287 287
Class C Fly Ash 69 69
Limestone CA-7 832 0
RCA CA-7 0 758
Limestone CA-16 278 274
Natural Sand 740 732
Water 141 141
Table 1.11: Hardened concrete properties of DCT specimens.
ASTM C39 ASTM C496 ASTM C469
Mix Compressive [MPa] Indirect Tensile [MPa] Elastic Modulus [GPa]
ASTM LCA 63.4 6.6 51.2
ASTM RCA 45.4 4.6 40.1
1.4.2 Testing Results
The results of the tests are presented below (Table 1.12 and Figures 1.6 and
1.7). Like the DCT from the Tada geometry, the peak load, Pc, and CMOD
at the peak load, CMODc, were extracted from the the test data file. The
CMOD at failure was required to calculate the total fracture energy, GF ,
and thus the algorithm to extrapolate the Load-CMOD to zero load was
once again used as noted in (equation 1.1) where a, b, c, d, and e are regres-
sion coeﬃcients and ε is the CMOD. The area under the load-CMOD curve
including the extrapolation to zero load was calculated using a trapezoidal
rule. To calculate the total fracture energy, the area under the load-CMOD
curve was divided by the new ASTM ligament area (0.0041 m2 for the ASTM
geometry).
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Table 1.12: Peak load and total fracture energy for the ASTM DCT geometry.
Pc GF
Specimen [kN] [N/m]
LCA2-1 2.35 122.2
LCA2-2 2.02 103.9
LCA2-3 1.85 111.8
LCA2-4 2.14 148.5
RCA2-1 2.09 175.9
RCA2-2 1.82 186.4
RCA2-3 2.02 191.8
RCA2-4 1.86 150.1
Figure 1.6: Plot of measured and extrapolated data for the LCA specimens
using the ASTM geometry.
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Figure 1.7: Plot of measured and extrapolated data for the RCA specimens
using the ASTM geometry.
The statistical properties of the test runs are presented in Table 1.13. The
two mixes tested with this geometry had a larger diﬀerence in the indirect
tensile strength relative to the first set of mixes tested. However, the relative
diﬀerence in peak loads from the DCT is quite small. It was expected that
mixes with a large diﬀerence in indirect tensile strengths would have a simi-
larly a large diﬀerence in peak loads. The data presented in Tables 1.12 and
1.13 seem to indicate that the magnitude of indirect tensile strength was not
an accurate predictor of the diﬀerence in peak loads of the DCT. The LCA
mix is stronger (in indirect tension) than the RCA mix specimens, which is
consistent with the results presented in Section 1.3. Surprisingly, the RCA
mixes, regardless of geometry, had lower coeﬃcients of variation (COV) for
the peak load values than the LCA mixes. Due to the variability in the com-
position of the RCA particles, it was expected that the test data would show
more scatter.
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Table 1.13: DCT test statistics.
Pc GF
Avg. St. Dev. COV Avg. St. Dev. COV
Specimen [N/m] [N/m] [%] [N/m] [N/m] [%]
ASTM-LCA 2.09 0.21 10.1 121.6 19.4 16.0
ASTM-RCA 1.95 0.13 6.6 176.1 18.5 10.5
1.4.3 Fracture Parameter Equations (ASTM
Geometry)
The initial fracture properties (KIC and CTODc) were again derived based
on the Two-Parameter Fracture Model by Jenq and Shah [13]. Equations
to calculate these quantities are needed to relate the critical crack length
at the peak load to the specimen geometry in order to calculate the size
independent fracture properties. The equations for the ASTM geometry
were found through finite element analysis [35, 36]. First, the initial loading
concrete stiﬀness (Ei) can be calculated from equation 1.2.
The initial compliance, Ci, was taken to be the inverse slope of the initial
load-CMOD curve from the seating load to 50 percent of the peak load. The
CMOD geometric factor, VCMOD (αo), for the ASTM geometry is given in
(1.12). The initial notch depth ratio, αo = ao/W , is corrected for the knife
edge thickness, h, and shown in the general form (1.4).
VCMOD (α) = 2109 exp
￿
−
￿
α− 1.163
0.2364
￿2￿
+54.78 exp
￿
−
￿
α− 0.7681
0.3631
￿2￿
(1.12)
The unloading compliance, Cu, can also be used to calculate the concrete
stiﬀness (Eu) after the peak load has been reached using equation 1.5. The
unloading compliance was experimentally determined as the inverse slope of
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the unloading Load-CMOD curve from 80 percent of the peak load to 20
percent of the peak load.
In order to find the critical crack length ratio, αc, equations 1.2 and 1.5 are
set equal. This assumes the compliance change is only related to the crack
extension. The critical crack length (ac) can then be determined based on
the specimen geometry, loading and unloading compliances, and initial notch
length. The KIC at the peak load is then calculated from equation (1.6)
using the appropriate geometric factor for the ASTM geometry, equation
(1.13) below. The peak stress (σ) can be found by using the peak load (P )
in equation 1.8.
F (α) = 1.917 exp (3.411α) +
￿
2.037× 10−6￿ exp (19.54α) (1.13)
The last parameter, the critical crack tip opening displacement (CTODc),
can be calculated (1.9) using the appropriate correction factors for the ASTM
geometry in equation (1.14).
VCTOD (α) = exp
￿
1.945− 45.22α + 258.9α2 − 548.9α3
+526.5α4 − 186.7α5￿ (1.14)
The initial fracture energy, Gf , is found using equation 1.11 and is appli-
cable to both geometries.
1.4.4 Fracture Characterization
With all of the geometric correction factors known, the fracture properties
could be calculated from the ASTM geometry test data. The properties were
calculated from the individual test runs and then averaged (Table 1.14). The
COV’s for each parameter (Table 1.15) were unexpectedly not consistently
lower for the ASTM geometry when compared to the Tada geometry. This
is most likely due to the significantly shorter fracture length which limits the
variation in the crack propagation.
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Table 1.14: Fracture characteristics of concrete specimens.
ASTM
Property RCA Equal Means? LCA
KIC 0.73 = 0.75
CTODc 0.0092 = 0.0063
Gf 37.0 = 28.7
GF 176.1 ￿= 121.6
ac 36.6 = 35.4
Table 1.15: Coeﬃcient of variation for each fracture property.
ASTM
Property RCA LCA
KIC 8.5% 9.6%
CTODc 27.8% 26.8%
Gf 17.0% 21.2%
GF 10.5% 16.0%
ac 7.7% 7.8%
The concrete compressive and indirect tensile strength used for the ASTM
geometry tests and DCT peak load was significantly higher than the concrete
strength and peak loads for the Tada DCT tests. Moreover, for the ASTM
geometry the LCA and RCA mixtures had more significant diﬀerences in
the their strength and modulus properties (Tables 1.3 and 1.11), i.e., with
the LCA mixes having higher strengths. With the Tada geometry tests,
the concrete data does not entirely indicate that the LCA mix was stronger
than the RCA mix. Among all of the fracture properties, the total fracture
energy is the only statistically diﬀerent value. The data indicates that the
RCA mix requires more energy to propagate a crack through the entirety
of the specimen. These results are consistent with the observed fracture
behavior as the LCA mixes had fracture planes through the aggregate while
the RCA mixes had fracture planes around the aggregate and thus took a
more tortuous path.
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Table 1.16: Average and coeﬃcient of variation data for LCA specimens from the
ASTM geometry.
KIC CTODc Gf GF ac
Property [MPa ·√m ] [mm] [N/m] [N/m] [mm]
Average 0.75 0.0063 27.7 121.5 35.4
St. Dev. 0.07 0.0017 6.1 19.4 2.8
COV 9.6% 26.8% 21.2% 16.0% 7.8%
Table 1.17: Average and coeﬃcient of variation data for RCA specimens from the
ASTM geometry.
KIC CTODc Gf GF ac
Property [MPa ·√m ] [mm] [N/m] [N/m] [mm]
Average 0.73 0.0092 37.0 176.1 36.6
St. Dev. 0.06 0.0025 6.3 18.5 2.8
COV 8.5% 27.8% 17.0% 10.5% 7.7%
1.5 Concrete Fracture Properties of Field
Extracted Specimen
In the summer of 2007, a 120 meter concrete pavement was constructed and
subsequently subjected to accelerated loading [37]. The accelerated loading
was done with the Accelerated Transportation Loading ASsembly (ATLAS).
The eﬀect of accelerated loading was converted into an equivalent single axle
load (ESAL) using the traﬃc equivalency method presented in Cervantes [37].
Cores were taken from the pavement section and DCT specimens were made
following the ASTM geometry. The cores were taken from the center of the
loaded wheel path near the slab edge (12 cm from the free edge) as seen in
Figure 1.8. This slab was loaded according to Table 1.18. The slab loadings
took an extended amount of time and the slabs were simultaneously subjected
to environmental stresses (e.g. temperature curling, moisture warping, etc).
The concrete cores were taken several years after the casting of the pavement
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section. These cores were cut to the ASTM geometry and tested as described
above. A top and bottom specimen was fabricated from each core (i.e. top of
slab or bottom of slab). It was assumed that during the fatigue loading, the
bottom of the slab may develop or propagate existing microcracks whereas
the top DCT specimens would not be subjected to this higher tensile stress
concentration. The DCT test was used to see if their was a significant diﬀer-
ence in the fracture properties after the accelerated traﬃcking of the section.
This would be seen via lower GF , KIC , and CTODc values. Since the same
mix was used for the entire pavement, all of the results in this section can be
directly compared with one another. The mix design and full details of the
accelerated testing can be found in Cervantes [37].
Table 1.18: Accelerated loading history for slab 29 south [37].
Load
[kg] Passes ESALs Cumulative ESALs
4,082 7,287 139,182 139,182
6,800 6,150 1,003,860 1,143,042
9,071 10,227 5,588,421 6,731,462
11,340 11,301 15,764,483 22,495,945
15,875 75 429,894 22,925,840
The results were compared to see the diﬀerence between the top and bot-
tom of the slab (Table 1.19). The number in the specimen name corresponds
to the location of the core in Figure 1.8. Specimens 29S-Bot-1 and 29S-Top-3
were damaged during testing and thus are not presented. A t-test, with a
95% confidence interval, was run on the data to see if there was a statis-
tical diﬀerence between the top and bottom cores. It was found that the
only property statistically diﬀerent from top to bottom was KIC . The total
fracture energy and CTODc had the same averages for the top and bottom
specimens. The statistical analysis is somewhat diﬃcult for the CTODc be-
cause of the high COV. These results could possibly indicate that the bottom
of the slab has more mircocracking present and thus it is easier to initiate a
crack as seen by the lower KIC value. The primary conclusion from the field
extracted DCT specimens is that the geometry has suﬃcient repeatability
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and precision between specimens at the same general location and between
diﬀerent locations (top versus bottom).
Figure 1.8: Coring locations for DCT specimens from slab 29 south [37].
Hatched area indicates wheel path. Not to scale.
1.6 DCT Comparison to SEN(B)
For a large enough specimen relative to the fracture process zone size, LEFM
can be used to derive the KIC parameter. For smaller specimens geometries,
NLEFMmust be used to extract the size independent fracture properties, i.e.,
KIC and CTODc. Extensive research has been done to examine the minimum
size needed for a test specimen in order to extract geometry independent
fracture properties [20, 30, 34, 38]. The result has led to the development
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Table 1.19: Fracture characteristics of pavement subjected to fatigue loading.
GF KIC CTODc
Specimen [N/m] [MPa ·√m ] [mm]
29S-Top-1 186.0 1.73 0.0129
29S-Top-2 133.2 1.64 0.0092
29S-Top-4 158.2 1.69 0.0148
Average 159.2 1.69 0.0123
St. Dev. 26.4 0.04 0.0029
COV 16.6% 2.7% 23.3%
29S-Bot-2 154.2 1.47 0.0110
29S-Bot-3 179.5 1.28 0.0065
29S-Bot-4 157.8 1.43 0.0092
Average 163.9 1.39 0.0089
St. Dev. 13.7 0.10 0.0023
COV 8.4% 7.1% 25.5%
of the SEN(B) geometry for fracture testing, which has shown to provide
consistent and accurate fracture properties. As mentioned previously, it is
diﬃcult to extract SEN(B) specimens from the field. The DCT geometry
is a easily obtained geometry from the field and is also a consistent test.
The accuracy of the DCT test was established in the previous sections by
comparing the results of specimens from two distinct geometries. The next
step is to compare the DCT results with the well established SEN(B) for the
same mixture design.
The SEN(B) mix designs (LCA and RCA) were the same as listed in Table
1.10 and the specimens were all cast at the same exact time as the DCT and
large-scale slab specimens. The specimens were wet cured for a period of 120
days and then tested at an age of 600 days. The calculations for the SEN(B)
fracture properties are fully described in the RILEM recommendation and
are not presented here [22]. The results of the SEN(B) tests, as shown in
Table 1.20, had significantly higher KIC values compared to values found in
literature. However, this is primarily attributed to the relatively long curing
period (120 days) and testing age (600 days) as most of the specimens in
literature are tested at 7, 14, or 28 days.
26
Table 1.20: Fracture properties of LCA and RCA mixtures from SEN(B) specimens.
KIC CTODc Gf GF ac
Specimen [MPa ·√m ] [mm] [N/m] [N/m] [mm]
LCA-1 1.96 0.0157 82.0 119.2 59.7
LCA-2 2.03 0.0131 56.2 119.7 70.6
LCA-3 2.16 0.0183 73.9 125.8 70.6
Average 2.05 0.0157 70.7 121.6 67.0
St. Dev. 0.10 0.0026 13.2 3.7 6.3
COV 5.0% 16.6% 18.7% 3.0% 9.4%
RCA-1 1.46 0.0130 56.5 137.9 60.5
RCA-2 1.36 0.0107 53.2 129.9 55.7
Average 1.41 0.0119 54.9 133.9 58.1
St. Dev. 0.07 0.0016 2.3 5.7 3.4
COV 5.0% 13.7% 4.3% 4.2% 5.8%
A t-test was run to compare the averages of the RCA to the LCA (with
95% confidence). However, the RCA data set only contains two tests and
thus, a t-test is most likely not describing the data correctly. Nevertheless,
the results are presented in Table 1.21 is a qualitative comparison between
the two concrete mixes. The KIC was significantly diﬀerent between the
two mixes while the other properties were statistically the same. This result
contradicts the DCT results presented in Table 1.14 which indicated that the
only statistically diﬀerent property was the total fracture energy. However,
the DCT results presented in Table 1.14 were tested 1 year prior to the
SEN(B) specimens in Table 1.21. Another observation was the RCA’s total
fracture energy from the SEN(B) was much smaller from than the values from
the DCT. Using the remaining companion test cylinders, that were cured
and stored with the SEN(B) specimens, another set of DCT specimens were
prepared shortly after the SEN(B) tests were run. These DCT specimens
had a similar age when they were tested as the SEN(B) and the fracture
properties were calculated in the same manner as the specimens described in
Section 1.4. The results are presented in Table 1.22.
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Table 1.21: Statistics of SEN(B) fracture tests.
Property LCA Equal Means? RCA
KIC 2.05 ￿= 1.41
CTODc 0.0157 = 0.0119
Gf 70.7 = 54.9
GF 121.6 = 133.9
ac 67.0 = 58.1
Table 1.22: Fracture properties of DCT specimens tested at the same approximate
age as the SEN(B) specimens.
KIC CTODc Gf GF ac
Specimen [MPa ·√m ] [mm] [N/m] [N/m] [mm]
LCA-1 1.22 0.0058 48.8 179.1 33.3
LCA-2 1.43 0.0084 65.2 144.7 37.1
LCA-3 1.45 0.0094 68.4 127.1 38.4
LCA-4 1.62 0.0126 86.5 136.6 41.5
Average 1.43 0.0091 67.2 146.9 37.6
St. Dev. 0.16 0.0028 15.5 22.7 3.4
COV 11.5% 31.1% 23.0% 15.4% 9.0%
RCA-1 0.97 0.0064 39.6 129.8 34.7
RCA-2 1.06 0.0086 50.0 118.0 36.9
Average 1.02 0.0075 44.8 123.9 35.8
St. Dev. 0.06 0.0016 7.4 8.3 1.6
COV 6.3% 20.7% 16.4% 6.7% 4.3%
To accurately compare the results of the DCT test to the SEN(B) test, a
statistical analysis must be done. A t-test was again used at a 95% confi-
dence interval to examine the two geometries. The statistical analysis of the
two geometries is presented below (Tables 1.23 and 1.24) and provides some
interesting insight into fracture property measurements. The most significant
result is that the KIC calculated are not equal between the two geometries.
The second parameter of the two-parameter model, CTODc, has equivalent
means for the RCA mixture but diﬀerent for the LCA mixture between the
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two geometries. A search of the literature found no recent papers that com-
pared the size independent fracture properties (e.g., TPFM value of KIC and
CTODc) extracted from two diﬀerent geometries for a given concrete mix-
ture and age. Even with similar COVs, this discrepancy in measured fracture
parameters between the two geometries poses the question which geometry is
correctly characterizing the size independent fracture properties or whether
either specimen is eﬀective. The answer to the discrepancy may be that the
fact the DCT is loaded in almost pure tension in front of the crack tip as
opposed to the SEN(B) which has a fairly large compression zone ahead of
the crack front.
With regards to other fracture parameters, literature has shown that the
total fracture energy is generally dependent on the size of the specimen but
eventually asymptotes to size independent value for larger specimen. Some
researchers have concluded that total fracture energy is independent of spec-
imen geometry when normalized to the ligament length [39].
Table 1.23: Statistical equivalence of the fracture properties for the LCA mix tested
with SEN(B) and DCT geometries.
Property SEN(B) Equal Means? DCT
KIC 2.05 ￿= 1.43
CTODc 0.0157 ￿= 0.0091
Gf 70.7 = 67.2
GF 121.6 = 146.9
Table 1.24: Statistical equivalence of the fracture properties for the RCA mix tested
with SEN(B) and DCT geometries.
Property SEN(B) Equal Means? DCT
KIC 1.41 ￿= 1.02
CTODc 0.0119 = 0.0075
Gf 54.9 = 44.8
GF 133.9 = 123.9
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1.7 Conclusions
The main goals of this study were to:
• Examine the feasibility of using the DCT geometry to measure the
critical stress intensity factor (KIC) and critical crack tip opening dis-
placement (CTODc) of a concrete structure. These two properties were
derived based on the same process outlined in the Two-Parameter Frac-
ture Model (TPFM) developed by Jenq and Shah [13].
• Examine two diﬀerent DCT geometries to determine the one that pro-
vides the most consistent results.
• Use the DCT geometry to determine feasibility of field extracted frac-
ture properties and to determine the fracture properties of a concrete
pavement section that has been subjected to accelerated loading.
• Compare the fracture properties derived from the DCT test method
to the SEN(B) test method for the same concrete materials, i.e., RCA
and LCA.
The DCT geometry seems to be a valid fracture test to extract the critical
stress intensity factor and critical crack tip opening displacement in terms
of between specimen repeatability and the general magnitude of the fracture
properties (KIC and CTODc). The COVs of the DCT tests are similar to
those of other fracture tests and the results are consistent. From the two
diﬀerent geometries tested, the ASTM geometry is recommeneded due to
the fracture ligament being larger (82.5 mm as opposed to 56 mm for the
Tada geometry) despite both the Tada and ASTM geometry producing sim-
ilar COVs. The main reason for the development of this geometry was to
create a specimen that can easily be extracted from the field. A field test
using the ASTM geometry was conducted on a concrete pavement subjected
to accelerated loading. The results of that study indicate that the DCT can
give consistent between specimen results and can distinguish the fracture
properties spatially in the pavement section. This is a important finding
since it can be used in the future to potentially characterize the potential
for slabs to more easily propagate cracks from the top or bottom of the slab.
Finally, when comparing the DCT results to the existing SEN(B) fracture
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test, the size independent KIC value from the TPFM was statistically dif-
ferent between the two geometries given the same concrete mixture (both
RCA concrete and limestone aggregate based concrete) and testing age. One
possibility for this discrepancy is the general stress state applied in front of
the crack tip is significantly aﬀecting the derived fracture properties where
the SEN(B) has large compressive zone ahead of the crack tip and the DCT
has mostly an opening mode ahead of the crack front.
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Chapter 2
Functionally Graded Concrete
Slabs
2.1 Introduction
Two-lift pavements have been around for two decades in Europe, specifically
Germany and Austria. The general design of the two lift pavement is a rela-
tively thin upper lift containing high quality aggregate with a thick bottom
lift containing lower quality aggregate and/or recycled concrete [40, 41]. In
these countries, the upper lift is generally less than 4 centimeters and the
bottom lift is usually thicker than 20 centimeters [40,41]. This design allows
for use of high quality aggregate in the wearing surface, improving friction,
noise, and durability, while using recycled concrete aggregates (RCA) and
other lower quality aggregates are in the bulk of the pavement to provide an
economical and yet still durable pavement.
One large obstacle in two-lift construction is the organization and coor-
dination of the paving train. In several European countries, pavers have
been specially designed to accept two diﬀerent types of concrete in one slip-
form machine, thus reducing the need to closely coordinate two slipform
pavers [40,41]. Two-lift paving is not new to the U.S. The first pavement was
used in the early 1900s in Minnesota and North Dakota [42] and was even
patented [43]. Two-lift paving was also popular during the 1950s through
1970s as a way to incorporate welded steel mesh into a pavement struc-
ture [42]. However, this process generally used the same concrete mix for
both lifts. It was not until the last 20 years that two-lift paving, with two
diﬀerent mixes, was examined in the U.S. It has been reported on several
trial projects in Michigan, Washington state, and Kansas that the cost of
paving in two-lifts, without specialized equipment, can nearly double that
of a traditional paving project [42]. However, a project bid in 2012 for the
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Illinois Tollway using two-lift concrete paving (normal concrete over concrete
containing recycled aggregates) had pavement costs similar to conventional
single lift concrete paving. Thus, incorporation of recycled concrete aggre-
gates (RCA) or other lower quality materials (RAP) in the bottom lift are
essentially for keeping two-lift economically viable.
Research has been ongoing into examining the optimal properties of two-
lift pavements in order to economize and still achieve similar performance
to a single layer paving design. One aspect controlling the structural design
against fatigue cracking is the fracture resistance of the bottom lift. Recycled
concrete aggregates or lower quality aggregates may produce lower fracture
resistance and higher fracture energies as seen in Chapter 1 and [44]. It
has been found that the fracture properties can be significantly enhanced by
including fibers in only one lift, thus saving money [19, 45, 46]. The goals of
this study were:
• Test the load capacity of two-lift slabs and compare them to monolithic
slabs.
• Compare the slab test results to an existing fracture based finite el-
ement model that was recently published in collaboration with this
research.
• Examine the feasibility of using slabs from the field for testing with no
sample preparation.
2.2 Slab Casting
In order to fully understand the fracture behavior of a functionally graded
pavement, large-scale specimens were cast and tested. The slab dimensions
were 1.8 m x 1.8 m x 15 cm. There were two mixes; one with limestone coarse
aggregate (LCA) and the other with recycled concrete aggregate (RCA). Six
layering combinations of plain and FGM slabs were cast with two replicates
for each combination (Table 2.1). The top layer was 5 cm thick while the
bottom layer was 10 cm thick.
33
Table 2.1: Plain and FGM slab layer combinations.
Slab Combination Top Section Bottom Section
1 LCA LCA
2 LCA RCA
3 LCA RCA Fibers
4 LCA Fibers LCA Fibers
5 RCA RCA
6 RCA Fibers RCA Fibers
The two mix designs are shown below (Table 2.2). The aggregate amounts
were chosen so that the same volume of aggregates was present in the mix.
Retarder and a high-range water reducer were added as needed to maintain
workability during casting. The slabs were cast on August 11th, 2010 at an
air temperature of 43◦C.
Table 2.2: Mix design for experimental slabs.
Material LCA Mix RCA Mix
[kg/m3] [kg/m3]
Portland Cement 287 287
Class F Fly Ash 69 69
Limestone CA-7 832 0
RCA CA-7 0 758
Limestone CA-16 278 274
Natural Sand 740 732
Water 141 141
Strux 90/40 Fibers 3.5 3.5
A total of 12 slabs were cast from two concrete trucks (Figure 2.1) and the
placement day mix characteristics are shown below (Table 2.3). Fibers were
added after the plain concrete slabs had been cast to achieve a target volume
percentage of 0.4%. Each layer was consolidated through a portable vibrator.
Care was taken to prevent mixing of the two layers when present. Four
shackle anchors were inserted into each fresh concrete slab to facilitate easy
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transport of the specimens. After placement was completed, each specimen
was covered with plastic to mitigate water loss during curing (Figure 2.2).
After two months, the slabs were flipped over to saw cut a notch down the
center of the specimens. This notch brought the eﬀective fracture ligament
to 50% material from the top lift and 50% material from the bottom layer.
One month after notching, the slabs were flipped back over and tested in an
indoor soil bed.
Table 2.3: Placement day mix characteristics.
Property LCA Mix LCA Fiber Mix RCA Mix RCA Fiber Mix
w/cm Ratio 0.4 0.4 0.4 0.4
Unit Weight 2473 kg/m3 2473 kg/m3 2384 kg/m3 2384 kg/m3
Slump 23.6 cm 24.1 cm 26.7 cm 14.0 cm
Air Content 2.5% 1.9% 1.9% 2.4%
Figure 2.1: Slab casting procedure.
35
Figure 2.2: Slab specimens covered with plastic.
2.3 Slab Testing Procedure
The slabs were tested on a soil bed comprised of three layers: a 5 centimeter
granular bottom layer, a 10 centimeter (nominal) middle layer of refractory
clay at its optimum moisture content, and a 2.5 centimeter (nominal) top
layer of natural sand (Figure 2.3). The granular layer was separated from
the clay layer by a geotextile material. This allowed a water table to exist
under the clay to ensure a constant moisture content. The clay layer had a
CBR of approximately 3 as measured by dynamic cone penetration (DCP).
Once the slab was loaded into the test bed, a set of Macro Sensors DC750-
500 linear voltage diﬀerential transducers (LVDTs) were arranged around
the edges and middle of the specimen (Figure 2.4). The LVDTs measured
the deflection during loading. An Epsilon Model 3541-0020-250T-ST strain
gauge was attached to the loaded end of the slab at the bottom of the saw-
cut notch using aluminium knife edges (Figure 2.5). All of the LVDT data
channels were connected to a National Instruments bayonet Neill-Concelman
(BNC) connector board (BNC-2095) which in turn was connected to a Na-
tional Instruments amplifier (SCXI-1102B). The amplifier was powered by
a National Instruments power supply (SCXI-1000). The data was collected
using a custom LabView program. It was decided to record the data from
the Instron controller using the aforementioned setup to simplify the pro-
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Figure 2.3: Test bed cutaway.
gramming and to ensure that the recorded data was synchronized. The data
collection rate was 10 points per second across all channels.
Each specimen was edge loaded with a steel bearing plate with a loading
area of 645 cm2 using an MTS 500 kN hydraulic actuator. The system was
controlled via an Instron FastTrack 8800 control system. The original inten-
tion was to control the test via the clip-on strain gauge. The CMOD rate was
0.01mm/min. However, the control system behaved erratically during testing
and only two slabs (1 and 8) were tested in this manner. The remaining
slabs were tested in displacement control (via the actuator LVDT) at a rate
of 0.01mm/sec. Slab 7 broke during transport and thus was not tested.
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Figure 2.4: LVDT layout and positioning.
Figure 2.5: Strain gauge positioning.
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2.4 Slab Strength Characteristics
Several diﬀerent strength and shrinkage specimens were cast during the con-
struction of the slabs. The specimens were cured for one day at the same
location as the slabs. Afterwards, the specimens were moved to the lab for
curing and storage.
2.4.1 Concrete Strength and Elastic Modulus
Cylinders were prepared to obtain the compressive and indirect tensile strength
along with the elastic modulus. The strengths, test day, and applicable stan-
dard are presented below (Table 2.4). As expected, the virgin limestone mix
(LCA) had higher strengths and a higher elastic modulus than the RCA.
Table 2.4: Summary of mix strength testing.
Test Test Day LCA RCA
Compressive 199 63.4 MPa 45.4 MPa
Tensile 122 6.6 MPa 4.6 MPa
Elastic Modulus 224a 51.2 GPa 40.1 GPa
a These specimens were removed from moist curing after 100 days.
2.4.2 Concrete Shrinkage Characteristics
The shrinkage properties of the mix were also examined (Figures 2.6 and
2.7) using a modified ASTM C157 procedure. Instead of being moist cured
for 28 days, the specimens were placed in a controlled temperature\humidity
room at 50% relative humidity and 21◦C. The specimen geometry and mea-
surement procedure was compliant with the ASTM C157 procedure. The
shrinkage was anticpated to be higher for concrete with RCA based on past
research findings [47, 48]. As expected, the RCA mix had significantly more
shrinkage than the virgin limestone mix. The shrinkage and mass loss within
the first 20 days is approximately the same. After this point, the RCAmix ex-
periences more mass loss and the shrinkage increases significantly compared
to the limestone mix. The high porosity of the RCA increases the porosity
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of the concrete composite and provides more pathways for water movement
and evaporation. This higher shrinkage can lead to higher stresses in the
field and may lead to the premature failure of the pavement if not addressed
properly. In addition, in a functionally graded system that only comprises
of two-lifts, the mismatch between the shrinkage strains can lead to a failure
at the interface for thin concrete lifts due to diﬀerential shrinkage.
Figure 2.6: Shrinkage results from slab concrete mixes.
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Figure 2.7: Mass loss results from slab concrete mixes.
2.5 Notched Slab Loading Results
The data from all of the slab tests is plotted in Figure 2.8 with individual
plots presented in Appendix B. Slabs 1 and 8 were not plotted because they
were tested in CMOD control.
2.5.1 Load and CMOD Results
It is clearly seen that with two exceptions (the limestone-RCA two lift slab
specimens), the peak loads are scattered significantly among duplicate spec-
imens (Table 2.5). Nevertheless, general trends still exist among specimens.
As expected, the specimens with fibers had better residual loading proper-
ties. On average, the slabs with fibers had a post-peak load drop of 14.0 kN
while non-fiber slabs had an average drop of 28.3 kN. In addition, the initial
CMOD opening immediately after crack initiation was lower for the slabs
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containing fibers. The average strain jump was 0.56 mm for slabs containing
fibers and 1.61 mm for slabs without fibers.
Figure 2.8: Combined slab data (with slabs 1 and 8 removed).
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Table 2.5: Summary of slab testing results.
Slab # Type Peak Load Load Drop Strain Jump
[kN] [kN] [mm]
1aa R 81.7 35.0 1.90
2 R 37.6 13.0 0.50
3 L/R 62.6 31.5 1.54
4 L/R 59.7 32.7 1.79
5 L/Rf 22.1 13.8 0.87
6 L/Rf 26.4 13.7 0.54
8aa Rf 33.6 18.0 1.00
9 L 31.2 28.2 1.68
10 L 45.6 36.0 2.53
11 Lf 29.3 12.9 0.42
12 Lf 59.7 15.6 0.42
a These slabs were run in CMOD control. Due to control problems, these results are
questionable..
To illustrate the scatter in the data, the duplicate specimens for each type
were averaged and the absolute value between the specimen peak loads was
calculated (Table 2.6). Slabs 1 and 8 were not included because they were
tested in a diﬀerent manner. An unexpected result of these slab tests is
that the two-lift slabs (#3 and #4) had the highest load capacity. It was
expected that the virgin limestone with fibers or RCA with fiber slabs would
have the highest load capacity followed by the limestone full-depth slabs.
The unusual results can partially be explained by the notch profiles of the
slabs. During notching, irregularities occurred that caused uneven notches
to be created in the specimens (Figure 2.9). These uneven notches heavily
influenced the stress distribution throughout the slab and caused significant
stress concentrations to develop. In addition, the clay subgrade layer used
for testing was kept at a CBR of 3. This layer experienced significant plastic
deformation and may have caused some anomalies in the data.
43
Table 2.6: Statistics of slab testing results.
Type Average Peak Load Absolute Diﬀerence
R 37.6 kN N/a
L 38.4 kN 14.4 kN
Lf 44.5 kN 30.4 kN
L/R 61.2 kN 2.9 kN
L/Rf 24.3 kN 4.3 kN
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2.5.2 LVDT Results
The LVDT data provided some useful insight into the behavior of the slabs.
Only one example of the LVDT data plots is shown here to save space (Figures
2.10 - 2.12). The remaining plots are presented in Appendix B.
Figure 2.10: Front row LVDT data (slab #2).
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Figure 2.11: Centerline LVDT data (slab #2).
Figure 2.12: Back row LVDT data (slab #2).
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The LVDT data indicates that the back end of the slab lifts oﬀ of the soil
during testing. Thus, the slab is only supported by the front section. This
was predicted and seen during the finite element modeling (Figure 2.13)
of the slabs [46]. Figure 2.11 shows that the interior elevation of the slab
changed very little during loading indicating that it was the approximate
rotation point of the slab. After fracture, the LVDT data suggests that the
slab begins to sink slightly into the soil. This is likely due to the corners
lifting up after the slab fracture and the load being concentrated more in the
center of the specimen area.
Figure 2.13: Finite element model of soil displacement during slab loading
[46].
Ideally, the slab should deflect uniformly in the front and back before the
peak load. However, irregularities in the soil caused non-uniform deflection.
Table 2.7 illustrates the degree of non-uniformity by assuming the center
deflection for the back and front is ”true” and calculating the diﬀerence on
both sides of the specimen at the peak load. Without exception, the front
right portion of each specimen deflected more than the center part indicating
that the support on this side of the specimen was weaker than the left side.
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Table 2.7: Slab deflection non-uniformities at peak load (negative indicates corner
is below center).
Front Row Back Row
Slab # Type Left Right Left Right
1aa R +1.4 mm -3.8 mm -2.4 mm +2.6 mm
2 R -1.2 mm -3.6 mm -1.6 mm +2.1 mm
3 L/R –ab –ab –ab –ab
4 L/R -1.5 mm -7.6 mm –ab –ab
5 L/Rf +1.0 mm -3.6 mm –ab +2.3 mm
6 L/Rf +0.1 mm -3.2 mm -1.4 mm +1.6 mm
8aa Rf –ab –ab –ab –ab
9 L +0.2 mm -2.9 mm -1.2 mm +1.5 mm
10 L -4.1 mm -0.8 mm +2.5 mm -1.6 mm
11 Lf -0.3 mm -1.6 mm -0.5 mm +0.3 mm
12 Lf -2.4 mm -4.0 mm –ab –ab
a These slabs were run in CMOD control. Due to control problems, these results are
questionable.
b LVDT went out of range before the peak load.
2.5.3 Finite Element Modeling
Another reseacher created a finite element model (FEM) to simulate the
behavior of the slabs during loading. Cohesive zone elements [49, 50] were
used for the area above the notch as this type of element has been shown to
accurately model concrete fracture behavior in 2D specimens [51–53]. The
results of the analysis, presented in detail in [46], indicate a disparity between
the experimental and theoretical results for some slab configurations. The
simulations for the two-lift slabs in Figure 2.14 show relatively no diﬀerence
in behavior in terms of peak load capacity.
The peak load disparity between the experimental and theoretical can par-
tially be explained by the uneven notch depths (Figure 2.9). Stress concen-
trations could easily develop and significantly decrease the load capacity of
the slab. In addition, the FEM assumes a uniform notch depth and support
stiﬀness as well as a homogenous and isotropic material. The actual slabs
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may have also had micro-cracking at the notch due to the transportation
forces. (Figures 2.15–2.19).
Figure 2.14: Finite element model results of slab fracture [46].
Figure 2.15: Comparison of experimental and FEM [46] data for the LCA
full-depth specimens.
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Figure 2.16: Comparison of experimental and FEM [46] data for the LCA
full-depth specimens with fibers.
Figure 2.17: Comparison of experimental and FEM [46] data for the RCA
full-depth specimens.
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Figure 2.18: Comparison of experimental and FEM [46] data for the LCA
and RCA two lift specimens.
Figure 2.19: Comparison of experimental and FEM [46] data for the two lift
LCA and RCA specimens with fibers.
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2.6 Un-notched Slab Loading Results
Several un-notched slabs from a previous experiment were also tested in the
soil bed. These slabs were used in an accelerated fatigue loading field study
described in detail within reference [37]. The details of each slab tested is
listed below (Table 2.8). These slabs were loaded in the same manner as the
notched slabs but CMOD displacements were not measured as there was no
notch.
Table 2.8: Un-notched slab characteristics (from [37]).
Specimen Thickness Fibers? Fatigue Loading
[mm] [ESALs]
Slab 15N 150 N 69,388,983
Slab 17S 150 N 57,543,186
Slab 30N 150 N 16,946,010
Slab 33S 165 N 22,925,840
Slab 60N 90 Y 64,185
Slab 60S 90 Y 463,844
The results from these tests are more consistent than the notched slabs
(Figure 2.20 and Table 2.9). Note that the x-axis of Figure 2.20 is vertical
displacement and not CMOD. The load capacity for the slabs was calculated
using Westergaard’s equation for an edge stress analysis with a circular load
(Eq. 2.1) and using a FEM-based program called ILLISLAB [54]. The
modulus of rupture for the concrete was measured via ASTM C78 and found
to be 6.69 MPa.
σe =
3 (1 + ν)P
π (3 + ν)h2
￿
ln
￿
Eh3
100ka4
￿
+ 1.84− 4ν
3
+
1− ν
2
+
1.18 (1 + 2ν) a
￿
￿
(2.1)
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Figure 2.20: Un-notched slab loading results.
Table 2.9: Un-notched slab loading predictions and results.
Specimen Thickness Load Vertical Westergaard ILLISLAB
Capacity Deflection Load Capacity Load Capacity
[mm] [kN] [mm] [kN] [kN]
Slab 15N 150 103 17.8 68.5 71.2
Slab 17S 150 104 24.0 68.5 71.2
Slab 30N 150 121 15.6 68.5 71.2
Slab 33S 165 145 25.5 68.9 86.7
Slab 60N 90 81 12.3 37.4 26.7
Slab 60S 90 75 15.5 37.4 26.7
The slabs, regardless of thickness, had significantly larger load capacity
than the Westergaard and ILLISLAB analysis predicted. The average ratio
of actual to predicted load capacity for the 90 mm, 150 mm, and 165 mm slabs
was 2.9, 1.5, and 1.7, respectively. Other researchers have found that slabs
are under predicted by beam flexural strength tests [55–57]. One reason the
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two-lift slabs were notched was to control the location and propagation of the
crack to simplify the FEM. However, after testing of the un-notched slabs,
the crack profile was measured (Figure 2.21) and found to be surprisingly
consistent. It appears that slabs can be extracted from the field and consis-
tently tested in laboratory conditions and the load capacity can be accurately
measured. This is important because of the consistent under-prediction of
load capacity using only beam flexural strengths.
Figure 2.21: Un-notched slab fracture paths.
2.7 Conclusions
The load capacity of monolithic and two-lift slabs was measured. It was
found that the data was extremely variable between sample replicates with
the primary problem being a variable depth notched placed at the bottom
of the slab. The load capacity of slabs was very clearly sensitive to the
initial crack geometry and support conditions. Un-nothced slab tests from
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a separate concrete casting confirmed previous results that concrete slabs
are much stronger than beam tests predict. The average ratio of actual to
predicted load capacity for the slabs was 2.0. A fracture based model and
fracture tests are required to accurately assess the slab capacity of two-lift
concrete slabs.
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Chapter 3
Nuclear Methods for Polymer
Fiber Detection in Concrete
3.1 Introduction
The macro-fiber content in concrete cast in the field is critical to achieving
the desired toughness properties and performance of the concrete structure.
Currently, there exists no standard method to determine the polymer fiber
content of hardened concrete. Polymeric fibers are composed primarily of
carbon and hydrogen. Since these elements are substantial neutron thermal-
izers, the neutron count detector on the nuclear gauge should be sensitive to
changes in the fiber content.
While first developed in the early 1950s [58, 59], nuclear density/moisture
gauges started to see widespread use on soils, asphalt concrete pavements
[60, 61] and airfields [62] in the 1960s. Nuclear gauges can measure to the
accuracies needed to provide quality control and quality assurance for various
geotechnical and pavement project needs [63–65]. Nuclear density gauges are
primarily used for density control on soils, unbound aggregate, and asphalt
concrete pavement layers. They are employed for roller-compacted concrete
pavements [66,67] and to monitor the concrete consolidation from a slip form
paver [68]. There is even a standard, ASTM C1040-08, for measuring the
density of fresh and hardened concrete with a nuclear density gauge.
Readings can be taken in two diﬀerent ways. Direct transmission readings
are usually taken on soil and unbound materials. The measurements require
a bore hole so that the source rod can be lowered through it. In this way,
the radiation takes a direct path to the detector. This method is the most
accurate for density measurements [69]. The second method of measurement
is done in the backscatter mode. This method is most commonly used on
in-situ pavements as it is non-destructive. The source rod is lowered to the
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surface of the pavement and the detector measures how much radiation is
deflected back from the pavement.
The density is measured via gamma-ray scattering as is simply described by
Compton scattering [70]. Most gauges use a Cesium (Cs-137) source for the
gamma-ray generation. In addition, some gauges have a second radiation
source, Americium (Am-241), that generates fast neutrons in addition to
gamma-rays. Fast neutrons slow down, or thermalize, during collisions with
matter [71, 72]. Fast neutrons will most easily thermalize when interacting
with atoms on the same size scale [71–73]. As a neutron is nearly the same size
of a proton, atoms such as hydrogen, carbon, and oxygen readily thermalize
fast neutrons through collisions [73, 74]. Research has already been done
using concrete moisture measurements derived from neutron thermalization
calculations. However, this research focused more on measuring the concrete
moisture content (i.e., degree of hydration) [75, 76] and cement content [77],
rather than the fiber content.
The main goal of this project was to examine the possibility of the nuclear
density gauge being sensitive enough to detect diﬀerent polymer fiber counts.
3.2 Theory of Operation
The gauge generates fast neutrons via the nuclear decomposition of Am-241
as shown in Equation 3.1. These fast neutrons are then thermalized dur-
ing collisions with atoms contained in the material of interest which are of
similar size, i.e., hydrogen and carbon. Because polymer fibers are primarily
composed of hydrogen and carbon, they act as neutron thermalizers. Hy-
drogen is the most powerful neutron thermalizer with carbon, oxygen, and
calcium also acting as thermalizers (Table 3.1). The total bound scattering
cross section of an atom indirectly indicates how likely it is to thermalize
a neutron [71, 72]. While there is hydrogen present in concrete in the form
of bound and free water, a simple reading on a concrete specimen without
polymeric fibers will yield a baseline neutron thermalization value for that
particular concrete.
241
95 Am→42 α +94 Be→136 C→10 nfast +126 C (3.1)
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Table 3.1: Neutron thermalization properties of various nuclei (from [74]).
Element Total Bound Scattering Cross Section Absorption Cross Sectionaa
[barn]ab [barn]ab
Hydrogen 82.02 0.3326
Carbon 5.55 0.0035
Oxygen 4.23 0.0002
Aluminum 1.50 0.2310
Silicon 2.17 0.1710
Calcium 2.83 0.4300
Boron 5.24 768
a For 2200 m/s neutrons.
b 1 barn = 1E-24 cm2.
The absorption cross section indicates the potential of an atom to fully
absorb a neutron and thus preventing it from reaching the detector. Boron
is one of the strongest neutron absorbers and can significantly aﬀect neu-
tron count readings. Even though boron is 2,300 times better at absorbing
neutrons than hydrogen, it is rarely found in any significant quantities in con-
crete. The most likely method of boron introduction into concrete is through
the use of certain retarders, in the form of sodium borate [78].
3.3 Testing Procedure
To assess if the nuclear gage could accurately determine the polymeric fiber
content in concrete, several diﬀerent concrete specimens were tested in the lab
and field. A Troxler 3450 RoadReader Plus nuclear density/moisture gauge
was used for all measurements. The gauge was fully calibrated before each
set of measurements. The calibration procedure was done on the standard
Teflon block provided by the manufacturer. Four readings of four minutes
each were taken to measure the background radiation. The gauge stored these
values internally and used them to subtract out the background radiation.
Because the laboratory specimens were tested indoors, multiple readings were
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taken in several locations within the lab to ensure there were no extraneous
reflections oﬀ of the laboratory walls or floors. The outdoor field specimen
measurements were taken the same day for the individual data sets to prevent
any diﬀerences in slab moisture aﬀecting the gauge. All of the specimens had
similar mix designs (Table 3.2).
Table 3.2: Concrete mix design for nuclear density gauge test specimens (at SSD).
Lab Blocks Field #1 Field #2aa
Constituent [kg/m3] [kg/m3] [kg/m3]
Portland Cement 287 250 287
Class C Fly Ash 69 83 69
Recycled CA-7ab – – 758
Limestone CA-7ab 832 1129 832
Limestone CA-16ab 278 – 274
Natural Sand 740 720 732
Waterac 141 140 141
w/cm Ratio 0.40 0.42 0.40
a For 2200 m/s neutrons.
b 1 barn = 1E-24 cm2.
c 1 barn = 1E-24 cm2.
The measurements were taken in backscatter mode as the neutron source
was permanently aﬃxed to the base of the gauge. The raw neutron counts
were recorded instead of the moisture measurements. This prevented in-
troduction of errors due to the unpublished calculation methods within the
gauge. The Troxler 3450 nuclear gauge has an internal scaling factor for the
raw neutron counts. For a 60 second exposure time, the neutron counts are
scaled down by a factor of 8 and for a 240 second exposure, the counts are
scaled down by a factor of 32. The neutron count results presented are the
scaled values reported by the gauge.
3.3.1 Laboratory Specimens
In order to establish the feasibility of applying the nuclear gauge to fiber
content determination, three, 0.05 m3 blocks of concrete (0.3m x 0.3m x
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0.6m) were cast with 0.0%, 0.3%, and 0.6% polymer fibers by volume. The
concrete mixture design, shown in Table 3.2, was the same for the all the
lab blocks. The blocks were air cured in the lab for 60 days to ensure the
moisture content within the specimen had become stable. In the backscatter
mode, no bore holes were needed for measurements as the neutron source is
permanently fixed in the base of the gauge. The specimens were tested 3
times at both 60 s and 240 s exposure times without movement of the gauge
between measurements.
Three readings were taken on each specimen and exposure time and then
averaged, as listed in Table 3.3. As expected, the neutron count increased
with the fiber volume in the laboratory concrete specimens, i.e., more ther-
malization sources present, for both exposure times. The coeﬃcients of vari-
ation of all measurements were low and consistent with neutron measure-
ments on various soils [64]. A two-sample t-test conducted on the diﬀerent
exposure times for each fiber volume indicated that there was no statistical
diﬀerence between the 60 s and 240 s exposure times. The data for the 60 s
measurements is plotted in Figure 3.1 including a linear regression fit. The
least squared linear regression defining the data in Figure 3.1 is described
by equation 3.2 where N is the neutron count and f is the fiber percentage
by volume. The fit has a R2 value of 0.99 with a root mean squared error
(RMSE) of 1.23.
N = 35f + 127.5 (3.2)
Table 3.3: Neutron measurements on laboratory specimens.
0.0% Fiber 0.3% Fiber 0.6% Fiber
60s 240s 60s 240s 60s 240s
Average [counts] 128 129 137 136 149 148
St. Dev. [counts] 4 5 6 3 1 1
COV 3.1% 3.9% 4.4% 2.2% 0.7% 0.7%
61
Figure 3.1: Neutron measurements and linear regression of laboratory spec-
imens.
Even with the consistent results, the depth to which 98% of the neutrons
penetrated was calculated using equation 3.3 where d is the depth of pene-
tration, in centimeters, and M is the moisture, as calculated by the gauge,
in pounds per cubic foot [69]. Table 3.4 lists the depths of penetration calcu-
lated for all of the test specimens (lab and field). The laboratory specimens,
being 30.5 cm thick, were thicker than the calculated nominal depth of pen-
etration of 25.9 cm. Furthermore, it appeared that there was little eﬀect of
the fiber volume on the penetration depth of the neutrons. This is mislead-
ing as the equation for calculating the depth of penetration is an empirical
approximation based on soils and asphalt concrete. A new equation would
need to be developed in order to accurately calculate the depth of penetra-
tion. Nevertheless, the neutron penetration calculation is a way to check
that for the laboratory specimens the surrounding ground did not aﬀect the
measurement.
d = 2.54 (11− 0.17M) (3.3)
62
Table 3.4: Calculated neutron penetration depths for all specimens.
Specimen ID Specimen Thickness [cm] Penetration Depth [cm] Fibers?
Lab 0.0 30.5 25.9 N
Lab 0.3 30.5 25.7 Y
Lab 0.6 30.5 25.4 Y
Field 1-1 10.2 23.4 N
Field 1-2 15.2 23.4 N
Field 1-4 20.3 23.6 N
Field 1-5 8.9 24.1 Y
Field 1-6 8.9 24.1 Y
Field 2-1 15.2 22.9 N
Field 2-2 15.2 22.6 Y
Field 2-3 30.5 23.9 N
Field 2-4 30.5 23.6 Y
3.3.2 Field Specimens
An existing 120 meter concrete pavement section with and without fibers was
tested to examine the prediction capability of the nuclear gauge in the field.
This pavement test section had two measurements done on the concrete with
an asphalt base while three measurements were taken on a granular base
layer as noted in Table 3.5. Ottawa sand was used beneath the gauge to
level the gauge relative to the pavement surface. Another set of specimens
were tested that were cast as individual slabs.
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Table 3.5: Field specimen characteristics for nuclear density gauge tests.
Specimen ID Fibers? Base Material Pavement Thickness [cm]
1-1 N Asphalt 10.2
1-2 N Asphalt 15.2
1-3 N Granular 15.2
1-4 N Granular 20.3
1-5 and 1-6 Y Granular 8.9
2-1 N – 15.2
2-2 Y – 15.2
2-3 N – 30.5
2-4 Y – 30.5
Field #1 Results
The initial results from the first field test section revealed a limiting factor in
using the gauge for polymer fiber measurements. Table 3.6 shows the data
collected from the field concrete slabs revealed an opposite trend as what was
expected based on the laboratory measurements. As noted in the Table 3.5,
the depth of penetration is approximately 25 cm for the laboratory specimens
and therefore it is expected the neutron count will be aﬀected by the base
layer beneath in the concrete slab in the field for these sections since they
are all under 20 cm. For this current gauge configuration, there appears to
be a required minimum pavement thickness needed to ensure that only the
concrete volume is being measured and not the base layer beneath.
Table 3.6: Field #1 specimen neutron measurement results.
Specimen ID 1-1 1-2 1-3 1-4 1-5aa 1-6aa
Thickness [cm] 10.2 15.2 15.2 20.3 8.9 8.9
Base Material Asphalt Asphalt Granular Granular Granular Granular
Average [counts] 234 233 218 215 202 203
St. Dev. [counts] 6 4 9 5 4 7
Coeﬀ. of Var. 2.6% 1.9% 4.0% 2.1% 1.8% 3.3%
a These specimens contained fibers.
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Specimens 1-1 and 1-2 had the highest neutron count. This is due to
the significant amounts of hydrogen and carbon present in the asphalt base
layer underneath the plain concrete slabs. Table 5 showed the neutrons
penetrated about 7.6 and 12.7 cm into the asphalt layer and were easily
thermalized as noted by the higher neutron count for specimens 1-1 and
1-2. The granular sections, 1-3 and 1-4, had significantly lower neutron
counts as the base layer had less moisture and was not comprised of other
significant neutron thermalizers. Ironically, the slab sections with fibers,
1-5 and 1-6, had the lowest neutron count readings. The factors aﬀecting
these particular measurements were the thickness of the section, fiber content
resolution relative to other thermalizing sources, and base layer material and
condition. The non-fiber sections on granular base were 15.2 and 20.3 cm
thick while the fiber sections are only 8.9 cm thick with 0.4% fibers. In
general, it is possible that there may not be suﬃcient neutron thermalizers
(e.g. polymer fibers) present to statistically aﬀect the neutron count. This
testing verified that with the current gauge sensor arrangement, thickness of
the concrete layer, and amount of fibers, an accurate reading of fiber content
is not possible.
Field #2 Results
A second field investigation on a diﬀerent set of slab specimens was conducted
because of conflicting results from the first field measurements. The slab
specimens were 0.9 meters wide, 1.83 meters long, and 15.2 cm thick. Since it
was known that 15.2 cm slab thickness was not suﬃcient to prevent neutrons
from penetrating completely through the slab, two identical slabs, e.g., 2-3
and 2-4, were stacked on top of one another. This did create a potential for
air pockets to be present at the interface. To determine if an air gap between
the slabs would aﬀect the gauge reading, a set of slabs, 2-1 and 2-2, were
tested without stacking.
With the knowledge of the first field test series, the second field test mea-
surements, shown in Table 3.7, provided data that followed the trend of the
laboratory specimen tests. The concrete slab specimens with fibers exhib-
ited a higher neutron count. The measured fiber content was estimated by
equation 3.2 and the neutron count. Because the laboratory and field con-
65
crete specimens had similar proportions and constituents, the slope of the
field specimen measurements was assumed to be the same as the laboratory
specimens. However, in practice, the gauge would need to be calibrated to
the particular mix being used. To calibrate the oﬀset of equation 3.2 to the
particular mix, the equation was solved for the known state of 0% fibers. The
actual fiber content was verified by cutting samples out of the slab specimens
and breaking them apart to weigh the fibers. Knowing the specific gravity
of the fibers, the volume percentage could then be calculated.
Table 3.7: Field #2 specimen neutron measurement results.
Specimen ID 2-1 2-2aa 2-3 2-4aa
Thickness [cm] 15.2 15.2 30.5 30.5
Average [counts] 255 262 207 221
St. Dev. [counts] 9 4 5 5
Coeﬀ. of Var. 3.5% 1.5% 2.4% 2.3%
Measured Content – 0.20% – 0.40%
Actual Content – 0.35% – 0.38%
a These specimens contained fibers.
The 15.2 cm specimen with fibers (2-2) significantly under predicted the
fiber content present and the gauge measurement had a 42.9% error when
compared to the actual value. The fact that the neutrons penetrated through
the slab into the support layer underneath explains the low neutron count.
When the thickness was doubled to 30.5 cm, the neutron readings proved
more reliable. The gauge measured the fiber content at 0.40% while the true
fiber content was 0.38%, a 5.3% error. This result, along with the laboratory
specimen results, seems to indicate that a minimum thickness of 30 cm is
required to obtain consistent and accurate measurements with the current
gauge sensor layout. Therefore, a thick FRC slab in the field (¿ 30cm) is
currently required to accurately assess the polymer fiber content with existing
nuclear gage equipment. However, this limitation can be overcome if multiple
detectors were added to subtract out the eﬀects of the deeper layers in a
similar fashion to a thin-strip nuclear gauge [79].
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3.4 Conclusions
This study has shown that a nuclear density gauge can be useful tool for de-
termining the polymer fiber content of a hardened concrete pavement. The
process first involves taking a calibration measurement on a concrete section
without fibers. Once the equation is calibrated to the particular concrete
pavement involved, the gauge can be used to measure sections with polymer
fibers. The thickness of the pavement is crucial to obtaining a proper mea-
surement. It appears that a minimum thickness of 30 cm is needed to ensure
that the neutrons do not penetrate into the base layer and produce erratic
readings with the current setup. Measurements on a 30 cm thick concrete
slab yielded a fiber content with only 5.3% error. It is theoretically possible
to significantly reduce the required slab thickness by adding an additional
sensor and spacing them diﬀerently. It is also important to ensure that read-
ings are taken relatively quickly to ensure the pavement is at a constant
moisture state (i.e. not several days apart).
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Appendix A
Recycled Concrete Aggregate
(RCA) Characterization
First, a visual classification was done to the best of the authors ability. Eight
diﬀerent specimens were extracted from the RCA stockpile and saw cut to
remove all of the hardened concrete paste (Figure A.1). Two specimens could
not be identified (7 and 8), however, they appeared to be a type of granite.
Figure A.1: Extracted aggregate specimens from RCA stockpile where 1)
river rock; 2) quartz; 3) granite I; 4) granite II; 5) limestone I; 6) limestone
II; 7) unknown; 8) unknown.
A Siemens Bruker D5000 X-ray Diﬀraction (XRD) unit was used to per-
form the identification measurements. The radiation source was Cu-Kα and
the test was run at 30mA and 40keV. The results (Figure A.2) confirm the
initial visual assignments. Sample 7 and 8 could not be prepared for proper
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identification in the XRD machine. Overall, the RCA appears to be com-
prised of high quality aggregates. It is not feasible to get a representative
percentage of how much of the RCA is one type of aggregate as the extraction
process produces significant mass loss to thoroughly remove the hardened
concrete paste from the aggregate samples.
Figure A.2: XRD analysis of extracted RCA specimens where (Q) indicates
the dominant quartz peak and (D) indicates the dominant dolomite peak.
The gradation requested from the RCA provider was IDOT CA-7. How-
ever, upon performing a sieve analysis, the gradation was found to exceed the
bounds on the 4.75mm sieve (Figure A.3). It was decided to still continue
with the project as this slight deviation was not expected to significantly
aﬀect the experiments.
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Figure A.3: Sieve analysis results of the RCA aggregate source assumed to
be CA-7.
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Appendix B
Complete Slab Test Results
Figure B.1: Slab 1 (RCA) loading curve.
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Figure B.2: Slab 1 (RCA) front LVDT data.
Figure B.3: Slab 1 (RCA) middle LVDT data.
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Figure B.4: Slab 1 (RCA) back LVDT data.
Figure B.5: Slab 2 (RCA) loading curve.
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Figure B.6: Slab 2 (RCA) front LVDT data.
Figure B.7: Slab 2 (RCA) middle LVDT data.
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Figure B.8: Slab 2 (RCA) back LVDT data.
Figure B.9: Slab 3 (RCA/LCA) loading curve.
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Figure B.10: Slab 3 (RCA/LCA) front LVDT data.
Figure B.11: Slab 3 (RCA/LCA) middle LVDT data.
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Figure B.12: Slab 3 (RCA/LCA) back LVDT data.
Figure B.13: Slab 4 (RCA/LCA) loading curve.
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Figure B.14: Slab 4 (RCA/LCA) front LVDT data.
Figure B.15: Slab 4 (RCA/LCA) middle LVDT data.
78
Figure B.16: Slab 4 (RCA/LCA) back LVDT data.
Figure B.17: Slab 5 (RCA with fibers/LCA) loading curve.
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Figure B.18: Slab 5 (RCA with fibers/LCA) front LVDT data.
Figure B.19: Slab 5 (RCA with fibers/LCA) middle LVDT data.
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Figure B.20: Slab 5 (RCA with fibers/LCA) back LVDT data.
Figure B.21: Slab 6 (RCA with fibers/LCA) loading curve.
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Figure B.22: Slab 6 (RCA with fibers/LCA) front LVDT data.
Figure B.23: Slab 6 (RCA with fibers/LCA) middle LVDT data.
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Figure B.24: Slab 6 (RCA with fibers/LCA) back LVDT data.
Figure B.25: Slab 8 (RCA with fibers) loading curve.
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Figure B.26: Slab 8 (RCA with fibers) front LVDT data.
Figure B.27: Slab 8 (RCA with fibers) middle LVDT data.
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Figure B.28: Slab 8 (RCA with fibers) back LVDT data.
Figure B.29: Slab 9 (LCA) loading curve.
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Figure B.30: Slab 9 (LCA) front LVDT data.
Figure B.31: Slab 9 (LCA) middle LVDT data.
86
Figure B.32: Slab 9 (LCA) back LVDT data.
Figure B.33: Slab 10 (LCA) loading curve.
87
Figure B.34: Slab 10 (LCA) front LVDT data.
Figure B.35: Slab 10 (LCA) middle LVDT data.
88
Figure B.36: Slab 10 (LCA) back LVDT data.
Figure B.37: Slab 11 (LCA with fibers) loading curve.
89
Figure B.38: Slab 11 (LCA with fibers) front LVDT data.
Figure B.39: Slab 11 (LCA with fibers) middle LVDT data.
90
Figure B.40: Slab 11 (LCA with fibers) back LVDT data.
Figure B.41: Slab 12 (LCA with fibers) loading curve.
91
Figure B.42: Slab 12 (LCA with fibers) front LVDT data.
Figure B.43: Slab 12 (LCA with fibers) middle LVDT data.
92
Figure B.44: Slab 12 (LCA with fibers) back LVDT data.
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